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Nitrate is the principal form of nitrogen that most 
plants utilize growing in native or cultivated soils. It is 
either absorbed by the roots and reduced, or trans located 
through the xylem to the shoots and leaves where it can be 
assimilated into macromolecules. 
Nitrate in the cytoplasm undergoes a two electron 
reduction to nitrite that is catalyzed by the enzyme nitrate 
reductase (NR) (Fig .1). This enzyme uses the pyridine 
nucleotide NADH or NADPH as the electron donor. The reaction 
product is then transported into the chloroplast where it 
undergoes a six electron reduction to ammonium by the second 
assimilatory pathway enzyme, nitrite reductase (NiR), which 
uses ferredoxin as its electron donor. Ammonium is 
subsequently incorporated into the amide nitrogen of glutamine 
in a reaction mediated by the glutamine synthetase 
(GS)/glutamate synthase (GOGAT) pathway. 
Nitrate and NR activity have often been found to be a 
limiting factor for the general growth and development of 
field crops. The operation of the assimilatory. nitrate-









N08- ----------> N02- -----------> NH4 + -----------> glutamate 
NADH or Ferredoxin 
NADPH 
Figure 1. Nitrate assimilation pathway. 
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2 x 10' megatons of nitrogen on a yearly basis (Guerrero 
l981). This is twice the amount that is assimilated through 
the process of biological fixation of atmospheric nitrogen 
(Burns and Hardy 1975). The conversion of nitrate into 
nitrite has been determined to be the rate-limiting step in 
the assimilation of nitrogen (Campbell and Smarrelli, 1986). 
Nitrate containing fertilizers are applied to field crops to 
enhance their yield. However there is concern about this 
practice because overf ertilization has caused the leaching of 
nitrate out of the topsoil into surface and ground waters 
(Barber 1985). The worldwide production of fertilizers 
expends about 1% of the global energy. Therefore the issues 
of nitrogen assimilation raise ecological, economical and 
political considerations. Objectives for the study of nitrate 
reductase include enhancing the efficiency of the assimilation 
process, increasing crop yields and perhaps decreasing the 
cost to farmers to produce the world's agricultural 
foodstuffs. 
Regulation of Nitrate Reductase 
The assimilation of nitrate is energetically expensive 
and the expression of the first two pathway genes is highly 
regulated (Guerrero et al. 1981, Campbell 1989, Mohr et al. 
1992). There are a number of levels at which the expression 
and activity of the pathway are controlled. In different 
cells and tissues the amount of nitrite reductase is usually 
much higher than that of nitrate reductase. Since nitrite is 
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toxic to cells its accumulation is rarely observed. Also, 
because the assimilation of nitrate requires an expenditure of 
energy in the form of reducing equivalents, it would be 
advantageous for the plant to inactivate this pathway when 
sufficient ammonium levels are available. These and other 
considerations led investigators to hypothesize that NR was 
the logical location to effect regulation of the input of 
reduced nitrogen for the organism (Beevers and Hageman 1969). 
Levels of NR have been shown to oscillate in response to a 
wide range of environmental factors such as light, C02 and 
oxygen tensions, nitrogen source and other factors (Guerrero 
et al. 1981). 
Most nitrate reductases from higher plants are nitrate 
inducible (Hewitt 1975, Oaks et al. 1972, Somers et al. 1983, 
Callaci and Smarrelli 1991, Friemann et al. 1992). The 
appearance of NR activity is strictly observed only when 
nitrate is available. In addition, the amount of NR protein 
and mRNA also increase rapidly in response to nitrate. Long 
et al. (1992) discovered that NR mRNA levels in maize root 
tips reached maximal levels approximately 30 minutes after 
induction with 30mM nitrate. Nitrate reductase mRNA levels in 
barley seedling roots and leaves were detected within 40 
minutes after application of nitrate and reached maximal 
levels after 2 hours in the roots and 12 hours in the leaves 
{Melzer et al. 1989). The results of these studies also 
showed the kinetics of the induction process in which NR 
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protein and activity comprise an initial lag phase, as the NR 
mRNA level increases, followed by a phase with exponential 
increase that is followed by a decline to steady-state levels. 
Gowri et al. (1992) showed that the NR transcript is expressed 
in the primary response of maize to environmental nitrate. 
When cytoplasmic protein synthesis was inhibited by 
cyclohexamide, NR mRNA was induced by nitrate in all tissues 
to levels equal to or greater than those found with nitrate 
treatment alone. This demonstrates that the signal 
transduction system influencing this event is constitutively 
expressed in these tissues. These studies, as well as others, 
indicate that the induction event in response to exogenous 
nitrate in higher plants is brought about by de novo synthesis 
of NR mRNA (Remmler and Campbell 1986, Galangau et al. 1988). 
Reduced nitrogen metabolites may also play a role as a 
down regulator or repressor of NR activity (Curtis and 
Smarrelli 1987, Callaci and Smarrelli 1991, Langendorfer et 
al. 1988). Shiraishi et al. (1992) found that the NR activity 
decreased rapidly in cultured spinach cells upon their 
transfer to glutamine-containing medium and that the NR 
activity returned upon removal of exogenous glutamine. 
Martino and Smarrelli (1989) found that squash cotelydons 
given no nitrogen or lOmM glutamine showed no detectable NR 
activity. Deng et al. (1991) found an inverse correlation 
between the rhythmic variations in the level of mRNA for NR 
and the glutamine content of tobacco leaves. Glutamine may 
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affect NR regulation at the transcriptional level and/or 
decrease the level of nitrate through inhibition of nitrate 
transport to the cytoplasm from the extracellular space or the 
vacuoles (Langendorfer et al. 1988). 
The regulatory mechanisms that are involved with nitrate 
induction and metabolite repression have been best examined in 
the fungus Neurospora crassa (Marzluf and Fu 1992). The nit-2 
gene is the major nitrogen regulatory gene of Neurospora crassa 
and, under conditions of nitrogen restriction, it turns on the 
expression of various unlinked structural genes which specify 
nitrogen catabolic enzymes including Nit-3, the structural 
gene of NR. The NIT2 is a trans-acting protein with a 
putative DNA binding domain consisting of a zinc-finger motif 
(Fu and Marzluf 1990a) . This protein was expressed and shown 
to bind to specific regions upstream of the nit-3 gene of 
Neurospora crassa (Fu and Marzluf 1990b). Jarai et al. (1992) 
found evidence for a NIT2-like homolog which regulates the 
expression of the NR assimilation pathway in higher plants. 
A NIT2 zinc-finger domain/~-Gal fusion protein was shown to 
recognize and bind in a specific manner to two upstream 
fragments of the NR structural gene of tomato. Only one 
nitrate regulatory gene, nit-2 of Chlamydomonas, has been 
identified within the plant kingdom and shown to be necessary 
for NR gene expression and to be repressed itself by ammonium 
(Fernandez et al. 1989, Schnell and Lefebvre 1993). 
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Okamoto et al. (1991) estimated that the half-life of the 
nit-3 mRNA is approximately 5 minutes after the onset of 
nitrogen repression. It has been suggested that enzymes such 
as NR that catalyze the rate-limiting step in a metabolic 
pathway are tightly regulated and have evolved to turn over 
rapidly in response to changing nutritional conditions 
(Goldberg and Dice 1974). A number of models have been used 
to explain nitrogen metabolite repression in Neurospora crassa. 
It was proposed by Grove and Marzluf (1981) that the nit-2 gene 
is expressed constitutively to yield a regulatory protein 
whose activity is inhibited upon binding glutamine. In a 
second model, it was suggested that the expression of the nit-2 
gene itself is regulated by a repressor protein encoded by the 
nmr-1 gene. Upon binding glutamine, this repressor binds to 
a control site next to the nit-2 gene and so prevents its 
expression (DeBusk and Ogilvie 1984). In another model it has 
been proposed that the enzyme glutamine synthetase acts in a 
regulatory fashion (Dunn-Coleman and Garrett 1980) . Upon 
binding glutamine, glutamine synthetase was envisioned as 
undergoing a change in its oligomeric structure which enabled 
it to act as a repressor by binding at the nit-2 gene thereby 
preventing its expression. 
Light-regulated gene expression in higher plants is 
mediated by several photoreceptors including phytochrome (Mohr 
1966). Nitrate reductase activity and mRNA accumulation can 
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be induced to a low level in both green and etiolated plants 
by nitrate treatment in the dark (Somers et al. 1983, 
Rajasekhar et al. 1988). However the accumulation of NR 
activity, protein and mRNA are strongly stimulated upon 
subsequent exposure to white light. To determine if this 
affect was at the level of transcription and/or translation, 
vincentz and Caboche ( 1991) transformed a Nicotiana 
plumbaginifolia mutant lacking an active NR gene with tobacco NR 
cDNA fused to a constitutive promoter. Although significant 
amounts of NR mRNA were detected, the plants accumulated NR 
protein only when exposed to light. These results confirm 
that light in addition to stimulating transcription of wild-
type NR genes, also regulates translation of NR mRNA and/or 
the stability of NR protein. Results from these studies have 
led to an agreement that while nitrate triggers the expression 
of the gene for NR, light modulates or enhances the level of 
NR protein probably as a result of photoactivation of 
previously synthesized enzyme (Hoff et al. 1992, Remmler and 
Campbell 1986, Deng et al. 1990). 
NR mRNA and activity exhibit a diurnal rhythm in both 
leaves and roots of tobacco, tomato, Arabidopsis and maize grown 
in the presence of nitrate and in a light/dark regime (Deng et 
al. 1990, Bowsher et al. 1991, Cheng et al. 1991). 
Galangau et al. (1988) studied the expression of the NR gene 
in tobacco and tomato leaves over a 16/8 hour light-dark 
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cycle. The level of mRNA increased to a maximum just after 
illumination and then decreased rapidly to become undetectable 
during the later part of the light period. When plants grown 
in the light-dark regime were transferred to continuous 
darkness, the amount of NR mRNA continued to display rhythm 
variations during the first 32 hours similar to those observed 
in diurnal light-dark cycles. After 56 hours of darkness, 
however, the NR mRNA level also became extremely low. On the 
other hand, the NR activity levels in plants grown in the 
light-dark cycle accumulated to a maximum level during the 
light period, peaking 4 hours after NR mRNA, before steadily 
declining during the rest of the light period. These diurnal 
variations in NR activity, higher activity during the day and 
lower at night, have been found in various plant species 
(Lillo and Henrikson 1984). These results suggest a reduced 
stability and a rapid turnover of the NR mRNA. Furthermore it 
implies that although related to the day cycle, plants that 
are adapted to a natural light-dark cycle may not use light as 
a direct regulator of NR transcription. Lillo (1991) found 
evidence for the involvement of post-translational control of 
diurnal variations of NR activity in corn when plants were 
grown at a temperature of 20°c. During the first 30 minutes 
of the light period NR activity increased by 50% while protein 
levels remained constant. 
Schuster et al. (1987) reported that the inductive effect 
of nitrate on the appearance of NR and NiR activities in the 
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dark can be strongly promoted by a light pretreatment prior to 
nitrate application. Signal storage may allow the plant to 
maintain the appropriate levels of NR and NiR during the dark 
period of the natural light/dark cycle as well as to 
accumulate maximum levels of NR mRNA just prior to the light 
cycle thereby optimizing NR protein levels during the early 
photosynthetic phase. This is supported by evidence from 
studies that show the activity of spinach leaf NR responds 
rapidly and reversibly to light/dark transitions by a 
mechanism that is strongly correlated with protein 
phosphorylation (Huber et al. 1992a). They found a form of NR 
in dark grown spinach leaves that was sensitive to inhibition 
by magnesium. Incubation in the light for only 30 minutes 
relieved this inhibition. Changes in activity appear to be 
the result of a covalent modification that affects sensitivity 
of NR to inhibition by Mg2+, which may involve protein 
phosphorylation. Thus the diurnal changes in NR activity may 
be the result of both an alteration in the steady-state level 
of enzyme protein and covalent modification of pre-existing NR 
protein. (Huber et al. 1992b, MacKintosh 1992). 
The quality of light has also been shown to enhance the 
affect of nitrate induction of NR in squash cotyledons 
(Rajasekhar et al. 1988). By using a slot blot assay and a 
squash NR cDNA probe, the levels of NR mRNA were shown to be 
abundant in the presence of light only in plants that were 
treated with lOOmM nitrate. Plants exposed to continuous 
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white light had a 2-fold increase of NR mRNA compared to 
plants exposed to continuous far-red light. 
In addition to nitrate and light, the status of the 
plastids plays an essential role in controlling the enzymatic 
activity of cytoplasmic NR (Borner et al. 1986, Oelmuller et 
al. 1986, Oelmuller and Briggs 1990). When squash cotyledon 
chloroplasts were photooxidized, by growth in a solution 
containing both nitrate and norflurazon, NR mRNA and NR 
activity were completely inhibited {Oelmuller and Briggs 
1990). However the two events of photodamage and nitrate 
induction of NR were separable because NR activity disappeared 
considerably later than chloroplast destruction. The 
disappearance of NR mRNA may be the consequence of the absence 
of a signal originating from the plastid or perhaps brought 
about by the accumulation of a product such as nitrite that is 
released from the damaged chloroplast. 
Isoforms of Nitrate Reductase 
Three types of NRs have been characterized in eukaryotic 
organisms. Most higher plants and algae contain a nitrate 
inducible NADH-specif ic NR {EC 1. 6. 6 .1). A NAO (P) H-bispecific 
NR (1.6.6.2) has been identified in maize, rice, barley and 
birch (Redinbaugh and Campbell 1981, Kleinhofs et al. 1988, 
Friemann et al. 1991) • The third type of NR is NADPH-specific 
(EC 1.6.6.3). It has only been found in fungi (Pan and Nason 
1978). The type, number and the tissue-specificity of the 
isoform(s) differs among plant species. 
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Three forms of NR have been biochemically identified in 
soybeans based on affinity chromatography separation. (Cathala 
et al. 1992, Streit et al. 1985, Streit et al. 1987). One of 
these isoforms is the nitrate inducible NADH-specific NR (iNR) 
that has a pH optimum of 7.5. Most other higher plant iNRs 
have a optimum pH of approximately 7.4 (Beevers and Hageman 
1980). The Michaelis constants for nitrate and NADH for this 
isof orm are similar to those found for other higher plants 
(Beevers and Hageman 1980). The other two isoforms are termed 
constitutive (c1NR and c 2NR) because they were isolated from 
wild-type plants grown on urea as the sole nitrogen source 
(Streit et al. 1985). The c 1NR isoform prefers NADPH as its 
electron donor while c 2NR uses NADH. The constitutive 
isoforms both have a pH optima of 6. 5. To date no other plant 
has been found to contain three NR isofroms. Unlike that of 
other plant species, soybean appears to have c 1NR as a major 
component of its NR activity (Jolly et al. 1976). The 
constitutive isoform in Glycine constitutes about 12-20% of the 
total NR activity and its absence does not impede normal 
nitrate utilization (Ryan et al. 1983) . In Aegilops squarrosa, 
the diploid ancestor of wheat, the constitutive form of NR is 
the major form of that enzyme, whereas in the two cultivated 
classes of wheat the iNR is the major form (Ouhmidou et al. 
1990). Oaks (1990) suggests that although the agrohistory of 
cultivated crops may have forced a selection for a nitrate 
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inducible NR, the presence of a major cNR component in soybean 
is puzzling. The role(s) of these multiple isoforms remains 
enigmatic. 
structure of Nitrate Reductase 
Nitrate reductase is a complex soluble cytoplasmic 
enzyme. Nitrate reductase from higher plants is found as a 
dimer composed of identical subunits between the size of 100 
and 120 kDa. Each NR subunit is organized into three distinct 
domains. Each domain contains one of three different 
prosthetic groups which are FAD, iron-heme and a molybdenum 
cofactor (MoCo). MoCo is a substituted pterin group (termed 
molybdopterin) with molybdenum bound through two sulfur 
ligands (Kramer et al. 1987) . The functional domains of 
nitrate reductase were initially defined by two types of 
biochemical analysis. Amino acid sequence comparison to 
mammalian and yeast enzymes and proteins (Campbell and 
Kinghorn 1990) and proteolytic degradation analysis of native 
NR which yields fragments with partial enzymatic activities 
(Solomonson amd Barber 1989). 
After limited proteolysis of spinach NR, Kubo et . al 
(1988) discovered that the molybdenum, heme and FAD components 
were contained in discrete domains which are covalently linked 
by exposed hinge regions. Following incubation of purified NR 
with trypsin, two stable products of 59 and 45 kDa were found. 
The fragment of 45kDa was found to contain FAD, heme and had 
both NADH-ferricyanide reductase and NADH-cytochrome c 
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reductase activities associated with it, which suggested that 
this portion of the polypeptide contained the pyridine 
nucleotide-oxidizing active site. After incubation of 
purified NR with Staphylococcus aureus VS protease, two products 
were produced. A 170 kDa fragment consisted of two 
noncovalently associated fragments and the molybdenum 
cofactor. This fragment had both FMNH2-nitrate reductase and 
reduced methyl viologen-nitrate reductase activities. This 
suggested that the nitrate-reducing active site occupied this 
portion of the polypeptide. Therefore, a model of NR has been 
outlined in which this multiredox-center protein acts as a 
mini-electron transport chain accepting equivalents from a 
pyridine nucleotide, passing them internally through the iron-
heme group and finally giving them up to reduce nitrate at the 
molybdopterin domain. 
The characterizations of the structure of nitrate 
reductase, determined by biochemical analysis, have been 
confirmed and refined by the comparisons of the deduced amino 
acid sequence of NR cDNA and genomic clones (Friemann et al. 
1991, Daniel-Vedele et al. 1989, Vaucheret et al. 1989, 
Crawford et al. 1988, Hoff et al. 1991, Miyazaki et al. 1991, 
Prosser and Lazarus 1990, Hyde et al. 1991, Choi et al., 
Okamoto et al. 1991). 
The primary structure of NR from higher plants ranges in 
length from 881 amino acids (aa) in bean (Hoff et al. 1991) to 
926 aa in spinach (Proosser and Lazarus 1990). The variations 
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in length occur primarily in the N-terminal ends outside of 
the functional domains. The amino acid homology among higher 
plant NRs range from 63 to 91% {Hoff et al. 1992) . The 
homology decreases to approximately 40% when compared to the 
NRs from the fungi Aspergillas nidulans (Johnstone et al. 1990) 
and Neurospora crassa {Okamoto et al. 1991). 
By comparison of the NR sequences to those of other 
proteins binding the same prosthetic groups it has been 
possible to characterize more precisely the functional 
domains. The N-terminal region that comprises the first 70-
100 residues is interesting with regard to its functional 
relevance. This region shows reduced homology and in tobacco 
and tomato contains a cluster of 8 acidic amino acids that 
have been found in transcription factors {Crawford et al. 
1988, Vaucheret et al. 1989). Computer analyses also suggests 
that the tobacco leader sequence of the mRNA may form 
secondary structure including the ATG and the beginning of the 
coding sequence (Vaucheret et al. 1989). 
Within the N-terminal half of NR is the molybdenum domain 
which is the largest of the three domains occupying 
approximately 490 aa. Amino acid sequence comparisons show a 
clear relationship between this domain and the enzyme chicken 
liver {CL) sulfite oxidase (Neame and Barber 1989). Both NR 
and sulfite oxidase belong to a family of proteins referred to 
as molybedum hydroxylases which also include xanthine oxidase 
and formate dehydrogenase {Hille and Massey 1985). All of 
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these enzymes require a molydenum cofactor for catalytic 
activity. Although there is a obvious relationship between 
Arabadopsis thalania NR and CL sulfite oxidase, there is no 
apparent similarity between nitrate reductase and other 
molybedum hydroxylases. Sulfite oxidase has 4 cysteines, all 
in the molydenum domain. Two of these (Cys-186 and Cys-240) 
are found in equivalent positions in Arabadopsis NR (Cys-191 and 
cys-245). These two cysteines in addition to a third one 
(Cys-433 in Arabidopsis) are conserved in all the higher NRs 
examined by Hoff et al. ( 1992) • The two other cysteines of CL 
sulfite oxidase (Cys-329 and Cys-430) are not found in 
equivalent positions in nitrate reductase. While it is known 
that the subunits of the dimeric CL sulfite oxidase associate 
through non-covalent bonds (Kessler and Rajagopalan 1972), a 
covalent structure is an absolute requirement for NADH-NR 
activity and is the property of the MoCo domain (Kubo et al. 
1988). However, Hyde et al. (1989) showed that NR could be 
reduced by OTT without loss of activity. The role of 
interchain disulfide linkage (s) in stabilizing the dimeric 
structure of NR is probably the responsibility of one or more 
of these three conserved cysteines found in the molybdenum 
domain of higher plant NRs (Hyde et al. 1989). The two 
conserved N-terminal cysteines at positions 191 and 245 in 
Arabidopsis may be involved in Mo-pterin binding, leaving Cys-
433 as the one responsible for forming the interchain 
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disulfide bond (Hyde et al. 1989, Crawford et al 1988 ). 
There are several regions of the molybdenum domain where 
similarity between NR and CL sulfite oxidase are particularly 
siqnificant. The aa included in residues 112-143, 178-193, 
211-224, 268-314 and 367-395 are all more than 50% identical 
between the proteins. When the predicted secondary structures 
of these domains were compared they could be further divided 
into four reqions with the greatest homology. The two N-
terminal subdivisions contain more basic residues than the c-
terminal ones. The middle two subdivision contain more 
hydrophilic residues and could contain the binding sites for 
nitrate and sulfite in NR and sulfite oxidase (Neame and 
Barber 1989). 
Nitrate reductase belongs to the superfamily of 
cytochrome b5-like proteins which includes the cytochrome b5 
species, flavocytochrome b2 and sulfite oxidase (Guiard and 
Lederer 1979) • Members of this family all have a heme-binding 
domain as well as a characteristic fold to accommodate this 
cofactor (Guiard and Lederer 1979) . Sequence alignment of the 
heme domains from this family show a homology ranging between 
32 and 48%. The heme-binding domain of NR is assigned to the 
central region of the NR protein. This is the smallest 
domain, occupying around 75 aa. Two histidine residues are 
conserved within the heme domain of all known NR sequences 
(His-577 and His-600 in Arabidopsis) • These two amino acids 
correspond to His-39 and His-63 of mammalian cytochrome b5 and 
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are involved in binding of the heme group (Mathews et al. 
1971). Meyer et al. (1991) analyzed four mutants from tobacco 
that were presumably affected in the heme domain. The reduced 
visible spectra of two such mutants, when compared to the wild 
type, indicates that heme was still incorporated into the 
mutant NR, but with a lower stoichiometry or extinction 
coefficient. The two mutations were identified as single base 
changes leading to a replacement of His-566 to Asn-566. 
The f lavin domain occupies the c-terminal end of the NR 
protein. The length of this domain is approximately 260 aa. 
Nitrate reductase shares 47% homology with the FAD domain of 
cytochrome b5 reductase, but no significant identity can be 
found with other flavoenzymes. Within this domain is the 
binding site for both the pyridine nucleotide and FAD 
cofactor. A lysine and cysteine residue play an essential 
role in NADH-binding in cytochrome b5 reductase (Hackett et 
al. 1986). Sato et al. ( 1992) found that after treating 
spinach NR with arginyl-specific or lysyl-specific reagents, 
the NADH-dependent NR activities were inactivated. However, 
the enzyme was significantly protected against inactivation by 
the reagents when it was preincubated with NADH. These 
observations led the investigators to speculate that arginine 
and lysine may be located at the active site. The putative 
NADH-binding sites of NR and human cytochrome b5 reductase do 
contain a lysine and arginine (Lys-731 and Arg-712 in 
Arabidopsis) residue that are located within the same conserved 
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segment of the each sequence. Only one arginine residue is 
found to be common in this domain between the NR sequences 
from plants, fungi and cytochrome b5 reductase. 
A catalytic thiol is known to play an vital role in NADH 
binding to NR and associated dehydrogenase activities (Barber 
and solomonson 1986). There is only one conserved cysteine 
residue in the c-terminal domain of all known NRs (Cys-889 in 
Arabidopsis) This cysteine stands on the border of a long 
conserved sequence, QGPPPMI which is conserved in the NADH NRs 
from higher plants and in cytochrome b5 reductase. 
Interestingly, the NAD(P)H NRs from birch and barley deviate 
in only having one or two of the 3 prolines. This sequence 
adjacent to a cysteine may play a role in determining the 
affinity of NR for NADH or NADPH. The corresponding residue 
in cytochrome b5 reductase is shifted 10 residues, to cys-273. 
site-directed mutagenesis in the three domains of nitrate 
reductase will allow investigators to determine specifically 
which residues are involved in catalytic and structural 
functions. The heme-binding domain of Chlorella NR has been 
expressed in E. coli as a 35kDa protein. The spectral 
properties of this protein indicate that it is identical with 
those of native Chlorella NR and that heme is associated with 
the protein (Cannons et al. 1991). Campbell ( 1992) has 
expressed both the cytochrome b and FAD domains of maize NR in 
E. coli. A 35kDa protein was purified by immunoaff inity 
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chromatography with a monoclonal antibody to maize NR. The 
ultraviolet and visible spectra of this protein were nearly 
identical with native maize NR. These gene expression systems 
will be useful for crystallization and structural analysis of 
the NR domains. 
The three domains of NR have clearly defined boundaries 
that are separated by two 20/30-aa hinge region. The hinge 
regions are much less conserved than the sequences in the 
domains, and are found to be susceptible to mild proteolytic 
cleavage (Kubo et al. 1988). The hinge regions contain a 
higher concentration of hydrophilic residues. The extensive 
homology found among the nitrate reductase sequences suggests 
that the protein has evolved by fusions of ancestral genes 
encoding monoredox center proteins (Crawford et al. 1988, 
Guiard and Lederer 1979). 
The purpose of this research is first to append the 
collection of NR sequences of higher plants. Comparison of 
the deduced amino acid sequence obtained from a soybean NR 
cDNA clone with other higher plant NR sequences may serve to 
define more clearly the functional domains of this enzyme. 
Secondly, a cDNA clone for one of the three NR isoforms from 
Glycine max will be useful for studying the complex regulation 
involved in nitrate assimilation. Obtaining the nucleotide 
sequence of a complete cDNA is of critical importance for gene 
structure and expression studies. sequencing a cDNA NR 
isoform from soybean will provide a tool to possibly 
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differentiate between the regulation of these three isof orms 
in soybean by using the cDNA as a specific probe in 
hybridization studies. The use of monoclonal antibodies 
raised against an expressed soybean NR cDNA will provide 
further information on the control of the three isof orms in 
soybeans as well as contribute to the understanding of how 
nitrate reductase expression is induced. Having a NR cDNA 
sequence in hand will also assist in the isolation of one or 
more NR structural gene(s) from a soybean genomic library. A 
detailed knowledge of how this complex protein works at the 
molecular level will presumably be helpful in enhancing the 
efficiency of nitrogen use by higher crop plants. 
CHAPTER II 
MATERIALS AND METHODS 
Plant Material and Growth Conditions 
Williams strain wild-type soybean seeds (Glycine max.) were 
planted and grown in vermiculite in a 25° c environmental 
growth chamber under an artificially illuminated 16 hour 
photoperiod for a duration of 9 days. The seeds were watered 
daily with distilled water. On day 10 seedlings were 
irrigated with a 100 mM potassium nitrate solution. Primary 
seedling leaves were harvested 24 hours after nitrate 
application, frozen immediately in liquid nitrogen and stored 
at -so0 c. 
RNA Isolation 
Primary seedling leaves were used as the starting 
material for total RNA isolation. Total RNA extractions were 
performed using a modified protocol from Dodd et al. (1983). 
All buffers and solutions used for RNA isolation were prepared 
with water that was treated with 0.1% diethyl pyrocarbonate 
(DEPC). In addition all glassware and utensils used in the 
manipulation of RNA were baked for at least 4 hours at 180°C. 
One gram of primary leaves was homogenized in a mixture 
containing equal volumes of an extraction buffer [4% PAS (p-
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aminosalicyclic acid), 1% TNS (triisopropylaphthalenesulfonic 
acid)] prepared in a Tris buffer and phenol: chloroform: isoamyl 
(25 :24:1) solution. B-mercaptoethanol (2%) and ATA 
(Aurintricarboxylic acid) (lmM), both RNase inhibitors, were 
added immediately prior to extraction. Homogenization was 
performed in a Corex tube with a Tekmar Model TR-10 tissue 
homogenizer at a setting of 4-5 for 45 seconds. The slurry 
was centrifuged at 7000 rpm for 20 minutes at 4°C in a SS34 
rotor (DuPont) . The supernatant was then transferred to a 
second Corex tube and treated with 2M lithium chloride 
overnight at 4°C. This treatment with LiCl caused all of the 
high molecular weight RNA to precipitate as a white lithium 
salt. After incubation the tube was centrifuged at 7000 rpm 
for 20 minutes at 4°C and the supernatant discarded. The 
pellet was resuspended in 0.5ml of TE buffer (lOmM Tris-HCl, 
pH 7.6, lmM EDTA, pH 8.0) with 50uM ATA and transferred to a 
microcentrifuge tube. The first tube was rinsed with an 
additional 0.5ml of TE-ATA and pooled into the micrcentrifuge 
tube. A second 2M LiCl precipitation was done overnight at 
4°C. The microfuge tube was centrifuged at 13,000 rpm for 15 
minutes at 4°C to concentrate the RNA. The pellet was gently 
disrupted with 0.6ml of 0.2M sodium acetate in 76% ethanol, 
and then centrifuged at 13K for 10 minutes at 4°C. The pellet 
was then washed but not disrupted with 0.6ml of 0.2M sodium 
acetate in 76% ethanol and centrifuged at 13K for 5 minutes at 
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4oc, dried under a N2 gas stream and dissolved in 1.0ml of DEPC 
water containing 50uM ATA. 
RNA samples were visualized by electrophoresis on a 1% 
agarose formaldehyde denaturing gel (Maniatis et al. 1985), 
stained with ethidium bromide and photographed under ultra-
violet illumination. Concentration of RNA samples were 
assessed by absorbance readings at 260 nm. The 260/280 ratios 
were used to test the purity of the RNA. 
oliqonucleotide Primer Design 
PCR primers were designed by examining the multiple 
alignments of nitrate reductase cDNA and genomic nucleotide 
sequences from 8 plant species (Figure 2). These were birch 
(Betula pendula), squash (Cucurbita maxima), Arabidopsis thaliana, 
tobacco (Nicotiana tabacum) , spinach (Spinacia oleracea) , rice 
(Oryza sativa), bean (Phaseolus vulgaris) and tomato (Lycopersicon 
esculentum) • Two sites of lowest degeneracy located in the 
distal end of the molybedum domain were chosen which adjoin a 
sequence that is 108 nucleotide base pairs in length from all 
of the eight plant species examined. Two separate restriction 
enzyme sites were incorporated into each of the two primer 
sequences at their 5' ends. The sense primer had a 
restriction site for XbaI and the antisense primer had a site 
for HindIII. The primers were synthesized at the 
Macromolecular Analysis Facility at Loyola University, 
r 
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.aaplif ication Method 
single stranded cDNA was synthesized using one ug of 
total RNA as template. The 20ul reaction volume contained the 
enzyme buff er as supplied by Bethesda Research Laboratories 
(BRL), [ 50mM Tris-HCl (pH 8. 3), 75mM KCl, 3mM MgC12], o. lM 
OTT, 10 units of RNase inhibitor, o. 5mM of each 
deoxyribonucleotide triphosphate, 2uM of primer H-1342, one ug 
of total RNA previously heated to 65°C for 5 min and chilled 
on ice to prevent secondary structure formation and 100 units 
of Moloney murine leukemia virus reverse transcriptase (M-MLV 
RT). Both M-MLV RT and placental ribonuclease inhibitor were 
purchased from BRL. To prevent evaporation during heating, 
lOOul of light mineral oil (Sigma Corp.) was overlayed into 
each microfuge tube. The reaction mixture was incubated at 
42°C for 45 minutes followed by a 7 minute incubation at 98°C 
to inactivate the reverse transcriptase. Subsequently to the 
reaction mixture at 4°C, was then added 80ul of PCR buffer 
containing 20mM Tris•HCl, pH 8.8, lOmM KCL, 2mM Mg(S0,)21 lOmM 
(NH,) 2S04 , o .1% Triton X-100, lOOug/ml bovine serum albumin, 
2uM each of primers H-1342 and X-1213 and 2 units of VentR DNA 
Polymerase (New England BioLabs) from Thermococcus litoralis. 
The amplification reaction was started by denaturing the 
cDNA-RNA hybrid at 98°C for 7 minutes. The first 7 cycles of 
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amplification consisted of a one minute denaturation at 9S0 c 
followed by a one minute primer annealing at 42°C and a one 
minute primer extension at 72°C. During the rest of the 
cycles the annealing temperature was raised from 42°C to 55°c. 
The lower annealing temperature of 42°C for the first 7 cycl.es 
allowed for correct matching of the degenerate primers to the 
target sequence after which time a higher annealing 
temperature of 55°C was used for greater primer annealing 
specificity during the remaining cycles. After the final 
cycle the temperature was held at 72°C for 7 minute to all.ow 
for final extension of nascent strands and reannealling of all 
PCR products. Figure 3 summarizes the reverse transcription 
and amplification PCR cycle. 
Analysis of PCR Products 
Ten microliters of each reaction mixture were 
electrophoresed on a 2% agarose gel in Tris/acetic acid/EDTA 
(TAE) buffer. Both buffer and gel were treated with 0.5ug/ml 
ethidium bromide for visualization of DNA bands. 
Cloninq of the PCR Product 
To determine if the amplified PCR product(s) was a NR 
cDNA isoform, a Southern blot was performed (Maniatis et al. 
1985). The hybridization probe used in this initial screening 
was prepared from the plasmid pAtc-46 which was a gift from 
Dr. Nigel Crawford. Plasmid pAtc-46 contains a 3.1-kb full-
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length cDNA of NR from Arabidopsis thaliana (Crawford et al. 
1988). This plasmid was received in the bacterial strain 
JMl09. To obtain sufficient quantities of the 3.1-kb cDNA a 
large scale plasmid prepartion was done using cesium chloride 
centrifugation (Maniatis et al. 1985). 
After electrophoresis nucleic acids were transferred to 
a Gene screen Plus membrane (DuPont) using the capillary blot 
procedure (Maniatis et al. 1985). The probe was labeled using 
random primer extension with [a-32P] dCTP (Multiprime DNA 
labelling system, code RPN.1601Y, Amersham Inc.). Excess 
unincorporated nucleotides were removed by spin-column 
chromatography (Maniatis et al. 1985). Prehybridization 
conditions were 30% formamide, 0.1% sos, 5X SSPE [0.7M NaCl, 
0.05M NaH2P04 , 5mM EDTAJ, 5X Denhardt's and 100ug/ml sperm 
testes DNA in a total volume of 50 ml (Maniatis et al. 1985). 
Incubation in the above solution was done for a minimum of 
eight hours at 42°C after which time 100 ng of the radioactive 
labelled Eco RI digested pAtc-46 probe was added. 
Hybridization was done for 24 hours at 42°C. Washing of the 
blots to remove unbound labelled probe were done as follows: 
lX at room temperature for 5 minutes in 2X SSC, 0.1% sos. 
3X at 65°C for 20 minutes in 2X SSC, 0.1%SDS. 
Hybridization between the labelled probe and PCR product was 
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Piqure 2. Oliqonucleotide PCR primers. A) Upstream sense 
oligonucleotide primer used for amplification of soybean NR 
cDNA shown aligned above the homologous regions of 8 NR cDNA 
sequences. B) Downstream antisense oligonucleotide primer used 
for amplification of soybean NR cDNA shown aligned above the 
homologous regions of 8 NR cDNA sequences. 
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A) 
c T T 
5' GG I~IAGA TGG TGT TGG TGC TTC TGG TC 3' X-1213 
XbaI 
1213 TGG TGT TGG TGT TTC TGG TC 1232 Bean 
1336 TGG TGC TGG TGC TTC TGG TC 1355 Birch 
1468 TGG TGC TGG TGC TTC TGG TC 1487 Squash 
1288 TGG TGC TGG cGC TTC TGG cc 1307 Rice 
1372 TGG TGT TGG TGT TTT TGG TC 1391 Arabidopsis 
1439 TGG TGT TGG TGT TTC TGG TC 1458 Spinach 
1261 TGG TGT TGG TGC TTT TGG TC 1280 Tobacco 
1349 TGG TGC TGG TGC TTT TGG TC 1368 Tomato 
B) 
A A A A 
3' TAC TAC TTG TTG ACG ACC AA TTCGAA GG 5' H-1342 
HindIII 
1342 TAC TAA TTG TTG ACG ACC AA 1361 Bean 
1465 TAC TAC TTG TTG ACG ACC AA 1484 Birch 
1597 TAC TAC TTG TTA ACA ACC AA 1616 Squash 
1417 TAC TAC TTG TTG ACG ACC AA 1436 Rice 
1501 TAC TAC TTA TTG ACG ACC AA 1520 Arabidopsis 
1568 TAC TAC TTG TTG ACG ACC AA 1587 Spinach 
1390 TAC TAC TTG TTG ACG ACC AA 1409 Tobacco 
1478 TAC TAC TTG TTA ACA ACC AA 1497 Tomato 
was visualized by autoradiotography. 
suJ>cloning PCR Amplified Products 
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The strategy was to pool several reaction mixtures from 
the venta DNA polymerase amplified RNA samples and clone this 
DNA product into the pGEM-3Z plasmid vector for DNA 
sequencing. The PCR product and cloning vector were purified 
using Qiagen anion-exchange columns {Qiagen Inc., Chatsworth, 
CA) 
six PCR reaction tubes each containing 100µ1 were 
extracted with chloroform and the aqueous top layer was 
removed and pooled. All tubes were back extracted with TE 
[Tris•HCL {pH 7.5), EDTA {pH 8.0)] to assure maximum recovery 
of the PCR product. One ml of QPT {400mM NaCl, 50mM MOPS, 
0.15% Triton x-100, pH 7.0) was added to the pooled mixtures. 
A Qiagen-tip 20 column was equilibrated with one ml of QPT. 
The sample was applied to the column and washed with 3 X 1.0 
ml of buffer QB2 {850mM NaCl, 50mM MOPS, 15% ethanol, pH 7.0). 
The double-stranded DNA was eluted with 0.8ml buffer QF (1.25M 
NaCl, 50mM MOPS, 15% ethanol, pH 8.2). The eluted DNA was 
precipitated with 0.8 volumes of isopropanol and 0.3M sodium 
acetate, pH 4.8. This mixture was kept at -70°C for 30 min 
and centrifuged at 15,000 X g for 30 min at 4°C. The pellet 
was washed with 70% ethanol, dried under a N2 gas stream and 
resuspended in 3 Oul of TE, pH 7 . 5. The recovered DNA was then 
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Figure 3. PCR thermal cycler program. 
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Reverse transcription: Step 1 42°C for 45 min 
Step 2 98°C for 7 min 
Step 3 5°C for 10 min 
PCR Amplification: Step 4 95°C for 2 min 
Step 5 95°C for 1 min 
Step 6 42°C for 1 min 
Step 7 72°C for 1 min 
Step 8 7 cycles Steps 5-7 
Step 9 95°C for 1 min 
Step 10 55°C for 1 min 
Step 11 72°C for 1 min 
Step 12 35 cycles Steps9-11 
Step 13 7 2°c for 1 min 
Step 14 5°C soak 
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digested with HindIII and XbaI in a soul volume for 2 hr at 
37°C to produce the cohesive sticky ends used for cloning. A 
second purification on a Q-20 tip was done as above to remove 
buffer and enzymes. 
A similar procedure was used to purify the plasmid 
cloning vector pGEM-3Z. Fifteen ug of pGEM-3Z was digested 
with HindIII, XbaI and PstI in a 30ul volume for 3 hr at 37°C. 
The restriction enzyme PstI digested the stuff er fragment so 
it would be released from the column during the wash step. 
After digestion the mixture was diluted up to lOOul with TE pH 
7.5. A Qiagen-tip 20 was equilibrated with one ml of QBT and 
allowed to enter the resin by gravity flow. The vector sample 
in TE was then applied and washed 2 X 1.0ml with QC (1.0M 
NaCl, SOmM MOPS, 15% ethanol, pH 7.0). The DNA was eluted 
from the resin column with O.Sml QF buffer. The plasmid DNA 
was precipitated with 0.7 volumes of isopropanol, 
previously equilibrated at room temperature, and centrifuged 
at 15,000 X g for 30 min at 4°C. The pellet was than washed 
with 70% ethanol, dried under a N2 stream and redissolved in 
115ul of TE pH 7.5. Both the purified PCR product and the 
pGEM-3Z vector were analyzed on agarose gels to approximate 
their concentrations. 
Ligation reactions were set up in which the molar 
concentrations of insert-to-vector favor the formation of 
recombinant plasmids. Insert-vector ratios of 1:1, 2:1, 3:1, 
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4:1 and 5:1 were prepared in lOul reaction volumes containing 
o. 5 units of T4 Ligase (BRL). Competent JM109 cells were 
prepared by a modified calcium chloride treatment protocol 
(Cammarata 1993). Recombinant colonies were selected on 
ampicillin plates with X-Gal after overnight incubation at 
37°C. Plasmid DNA from white colonies was isolated (Gourse 
and Newlands 1988), digested with HindIII and XbaI and 
analyzed on a 2% agarose gel. Recombinant clones were 
determined by restriction enzyme analysis. Southern blot 
analysis was performed on four possible clones that displayed 
correct insert size. One such clone, F3-2 was sequenced in 
pGEM-3Z by the chain termination method (Sanger et al. 1977) 
using a Sequenase 2.0 Sequencing Kit (United States 
Biochemical). The labeled nucleotide [a-35S]dATP was used for 
autoradiographic detection of the DNA sequence on a 8% 
denaturing polyacrylamide gel. 
Usinq the PCR Product to Isolate a NR Clone from a soybean 
cDNA Library 
A soybean cDNA library was screened for a partial or 
full-length cDNA of a nitrate reductase isoform. The library 
was contained in vector Agtll purchased from CLONTECH. The 
mRNA source was Glycirie max, var. Resnik 10-day post-emergence 
seedlings grown under ambient light and irrigated with water. 
The library was constructed using both oligo (dT) and random 
priming. Average insert size (Range) was 0.6-4.5 Kb {ave.=1.6 
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Kb). The titer upon receiving was determined to be 5 .12 x 1010 
pfu/ml. The library was amplified on E. coli Yl09or· strain 
grown overnight in 50 ml of LB broth (10 g tryptone, 5 g yeast 
extract and 10 g sodium chloride per liter, pH 7.0.) in the 
presence of 0.2% maltose. Cells were pelleted at 5K for 10 
minutes and resuspended in O.OlM Mg(S04 } 2 at a O.D. 5w of 2.0. 
Phage and cells were incubated at 37°C for 20 minutes. 
Dilutions of phage were prepared to give a density of 
approximately 12, 000 plaques/150mm plate. Colony/Plaquescreen 
(DuPont) discs were used for transfer and immobilization of 
plaque DNA. The discs were left on the plates for one minute 
whereas duplicate lifts were done for two minutes. The 
Plaque/Screen discs were carefully removed from the plates and 
first placed in 2X o. 5N NaOH for two minutes to lyse and 
denature DNA, then transferred to 2X 1.0M Tris-HCl, pH 7.5 to 
neutralize the DNA. Filters were placed on blotting paper to 
dry at room temperature. Discs were prehybridized in 20 ml of 
the following solution: 50% Formamide, 1% sos, 5X Denhardt's, 
6X SSPE and lOOµg/ml herring testes DNA. This solution was 
added to a sealable plastic bag and incubated at 42°C for at 
least 10 hours. 
Rapid plasmid insert amplification with polymerase chain 
reaction was used to generate the 149 bp probe F3-2 (Liang and 
Johnson 1988). The amplified band was purified on low-melting 
agarose. The probe fragment was labelled with 32P-dCTP using 
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a random prime labelling kit from Amersham. After overnight 
incubation the labeled template was separated from 
unincorporated dNTP' s using spin-column chromatography 
(Maniatis et al. 1985), denatured for 10 minutes at 100°c and 
added to the plastic bag at a final concentration of :S 
1ong/ml. The resealed bag was incubated with agitation for 
10-24 hours at 42°C. The dies were washed in the following 
solutions: 
1) 2 x lOOml of 2x SSC at room temperature for 5 minutes 
with constant agitation. 
2) 2 x 200ml of a solution containing 2x SSC and 1% SOS at 
65°C for 30 minutes with constant agitation. 
3) 2 x lOOml of O.lx SSC at room temperature for 30 minutes 
with constant agitation. 
Hybridization between the labelled probe and plaque DNA was 
visualized by autoradiography. 
Plaques giving positive signals were removed with an 
inverted Pasteur pipette and suspended in phage dilution 
buffer SM (O.lM sodium chloride, O.OlM Tris-HCl (pH 7.5), 
O.OlM magnesium sulfate and 0.01% gelatin). A second screen 
of plaque purification was performed at a sufficient dilution 
to allow single plaque isolation. A third screen was done to 
verify the purity of the clone. All secondary and tertiary 
lifts were done in duplicate. Positive plaques were again 
identified by autoradiography. 
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As a confirmation for any positive signals during the 
initial screening process, an alternative procedure was 
employed (Bloem and Yu 1990). A replica was made of each 
1ssmm plate with a transfer membrane and placed plaque side up 
in a petri dish and rinsed with 3 ml of lambda dilution 
buffer. A 20 µl aliquot was boiled for 5 minutes and then 
used as template for PCR with the two primers X-1213 and H-
1342. The PCR products were analyzed by agarose gel for the 
DNA band of the appropriate size. This procedure was also 
used on putative clones during secondary and tertiary 
screening whereby a 20µ1 was removed from a single plaque plug 
resuspended in phage dilution buffer and used as a PCR 
template. 
One putative clone NRlS continued to hybridize to F3-2 
after two rescreening procedures and also gave strong DNA 
bands with PCR. Phage DNA was isolated from this clone by the 
large scale plate lysate method (Maniatis et al. 1985). ~ 
coli Yl090r· cells were grown overnight with constant shaking 
at 37°C in LB medium adjusted to pH 7.0. Cells were 
centrifuged for 10 minutes at SK at 4°C and resuspended in 
O.OlM Mg(S04 ) 2 at an O.D. 590 of 2.0. Approxiamately 10
5 plaque 
forming units (pfu) of the lambda phage recombinant was added 
to a 100µ1 aliquot of cells, incubated for 20 minutes at 37°C 
and plated on LB hard agar containing 1.5% agar with 7.5 ml LB 
top agarose containing 0.7% agarose. The plates were 
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incubated overnight at 37°C. Phage were eluted from the top 
agarose by adding 10 ml of phage dilution buffer (SM) directly 
onto each plate. The plates were incubated on a Orbital 
shaker at 4°C for 8 hours. The buffer was removed from each 
plate and transferred to 30 ml Corex tubes. Bacterial debris 
was removed by centrifugation at 5000 rpm for 10 minutes at 
4°c and the supernatents transferred to clean Corex tubes. 
RNase Tl and DNase I were added to a final concentration each 
of 1 µg/ml and the tubes incubated at 37°C for 30 minutes to 
degrade bacterial DNA and RNA. Bacteriophage particles were 
precipitated by adding an equal volume of a solution 
containing 20% polyethylene glycol 8000 and 2M sodium chloride 
in phage dilution buffer. The tubes were placed at 0°C for 
one hour. The tubes were then centrifuged at 10,000 rpm for 
20 minutes at 4°C and the supernatants discarded. The phage 
particles were resuspended in 0.5 ml of phage dilution buffer 
and centrifuged at 13,000 g for 2 minutes to remove debris. 
The supernatants were transferred to 1.5 ml microcentrifuge 
tubes to which 5 µl 10% sos and 5 µl 0.5M EDTA (pH 8.0) were 
added. The tubes were then incubated at 68°C for 15 minutes 
to lyse the particles and release phage DNA. Protein was 
removed by extracting lX each with phenol, phenol:chloroform 
(1: lv/v) and chloroform. Phage DNA was precipitated by adding 
an equal volume of isopropanol at room temperature. The tubes 
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were placed at -80°C for 15 minutes and centrifuged for 30 
Jllinutes at 4°C. The DNA pellet was washed with 70% EtOH, 
dried under a stream of nitrogen gas and resuspended in TE (pH 
a.o). The phage DNA was digested with EcoRI and examined by 
agarose gel electrophoresis. Phage DNA was transferred from 
the gel onto a Colony/PlaqueScreen membrane and probed with 
radiolabelled F3-2. 
An alternative method was used for large scale phage 
DNA purification, in which PEG-8000 was not used (Murray et 
al. 1993). Confluent plates were prepared and phage eluted 
with 10 ml SM/plate for 10 hours at 4°C as above. Phage 
dilution buffer was removed and centrifuged for 8000 rpm for 
10 minutes at 4°C to remove bacterial debris. The clear 
lysate was then put into 30 ml polycarbonate tubes and 
centrifuged in a SW41 rotor at 40,000 rpm for 40 minutes at 
4°C. Phage particle pellets were dissolved in one ml of SM. 
DNase and RNase were added to a concentration of 2µg/ml and 
lOµg/ml respectively and incubated at 37°C for 15 minutes. 
The phage were lysed for 15 minutes at 65°C in o. 5 ml SM 
buffer containing 20 mM EDTA (pH 8.0), 0.5% SDS and 50µg/ml 
proteinase K. The lysate was extracted once with 
phenol/chloroform and once with chloroform. After extraction 
1. 2g/ml cesium chloride and 300µg/ml ethidium bromide was 
added and the phage DNA banded by ultracentrifugation at 
r 
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55 ,ooo rpm in a TiV-65 (Beckman Instruments) rotor for 16 
hours at 20°c. The phage DNA band was withdrawn and the 
ethidium bromide was removed by extracting six times with 
cesium chloride saturated isopropanol. The DNA was 
precipitated with 2 volumes of EtOH, centrifuged at 12,000 rpm 
for 30 minutes at 4°C and washed lX with 70% EtOH. The white 
pellet was dried under a N2 stream and dissolved in 120µ1 TE 
buffer. The entire yield of 140µg was digested with 64 units 
of EcoRI for 90 minutes at 37°C. The insert was separated 
from phage arms on a 1.2% agarose gel and purified using a 
DEAE Cellulose membrane (Schleicher and Schuell). 
The insert was subcloned into a pUC13 plasmid for DNA 
sequencing. Ligation reactions between the EcoRI digested 
insert and pUC13 were prepared with insert-to-vector ratios of 
1 : 1 , 2 : 1 and 3 : 1 . Competent JM109 cells were prepared as 
previously described. Transformed cells were selected on 
ampicillin plates with X-Gal after overnight incubation at 
37°C. Six white colonies were picked and grown in 3 ml of LB 
broth with ampicillin overnight at 3 7°C. Plasmid DNA was 
prepared using an Insta-Prep Kit (5 Prime ~3 Prime, Inc.). 
Positive clones were verified by EcoRI digestion and Southern 
blot hybridization to the 1.lkb NR15. 
One insert containing plasmid pJPS-4 was purified on a 
Qiagen-100 column and sequenced in both directions by the 
dideoxy chain termination method using both the Sequenase 
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version 2.0 {United States Biochemical) and AmpliTaq 
sequencing Kits {Perkin-Elmer Cetus). After using the M13 
universal primers at either end of the insert new 
oligonucleotides were prepared from the derived sequence 
information and used to continue sequencing. 
The nucleic acid and deduced protein sequence and domains 
of this cDNA clone was analyzed in the GCG database. GCG 





Total soybean RNA was isolated from 10 day old primary 
leaves using the modified procedure of Dodd and Bar-Joseph 
(1983). Seedlings were given deionized distilled water daily 
and irrigated with lOOmM KN03 for 48 hours prior to harvest 
during the 12 hour photoperiod. The quantity and purity of 
the RNA was determined spectrophotometrically. The ratio 
between the spectrophotometric readings at 260nm and 280nm 
denotes the purity of the sample. Pure prepartions of RNA 
have a A200 / A280 ratio of between 1. 8 and 2. o. The A200 / A280 ratio 
of the sample was determined to be 1. 9 . Twelve hundred 
micrograms of RNA were obtained per gram of soybean leaf 
tissues. 
Analysis of PCR Amplified Products. 
One microgram of total soybean RNA was amplified using 
the primers H-1342 and X-1213. The RNA PCR products were 
separated on a 2% agarose gel by electrophoresis (Figure 4). 
Alignment of these two primers with other species nitrate 
reductase cDNA sequences indicates an expected DNA fragment of 
165 base pairs (bp) to be amplified, including the restriction 
sites (Figure 2). Amplified reaction products are seen 
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between 136 bp and 226 bp. Multiple bands were observed in 
all lanes. When these fragments were transferred to a 
Genescreen Plus membrane and probed with the full-length 3. lkb 
NR cDNA from Arabidopsis thalania a single band hybridized 
(Figure 5) • In an attempt to eliminate non-specific 
amplification Venta DNA Polymerase (New England Biolabs) was 
substituted for Taq DNA Polymerase. Figure 6 shows an 2% 
agarose gel comparing the amplification products using each of 
these DNA polymerases. Lanes 2-4 each show a single heavy 
band at the expected size using the VENTa DNA polymerase 
whereas lanes 5-6 each show additional non-specific 
amplification, larger and smaller then 165bp, when Taq DNA 
polymerase was substituted. The VENTa DNA polymerase was 
subsequently used to amplify this segment of the NR cDNA. 
Cloning a PCR Amplified Nitrate Reductase sequence from RNA. 
The DNA fragment was pooled from six reaction tubes and 
purified from a 2% low melting temperature agarose (SeaPlaque, 
FMC). The insert was digested with HindIII and XbaI to 
produce cohesive sticky ends and ligated into the multicloning 
site of the plasmid vector pGEM-3Z that had previously been 
digested with HindIII and XbaI. The plasmid pGEM-3Z is a 
multi-purpose cloning vector that allows detection of 
recombinants through a blue-white color screen. 
Following ligation, transformation of E.coli strain JM109 
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was performed. Twenty-four plasmid mini-preps were performed 
on white or light blue colonies (Gourse and Newlands 1982). 
plasmid DNA was digested with HindIII and XbaI to verify the 
presence of insert. Four plasmids contained an insert of 165 
bp (Figure 7). After transfer to a GeneScreen Plus membrane 
these nucleic acids hybridized to the 32-P labelled PCR insert 
(Figure 8). One of these recombinant plasmids pF3-2 (Lane 5) 
was used to sequence the insert using the SP6 and T7 promoters 
as sequencing primer sites (Sanger et al. 1977). This insert 
was sequenced in both directions using the Sequenase DNA 
sequencing kit. There were no positions of ambiguity in the 
DNA sequence after bi-directional sequencing. Figure 9 shows 
the nucleic acid and deduced amino acid sequence of the pF3-2 
insert. The reading frame was determined visually by aligning 
the nucleic acid sequence of the pF3-2 insert with the other 
higher plants NR sequences. 
screening a cDNA Library for a Nitrate Reductase Isoform 
The insert from plasmid pF3-2 was used as a homologous 
probe to screen a soybean cDNA library in vector Agtll 
(CLONTECH). Sufficient probe was obtained by rapid plasmid 
insert amplification (Liang and Johnson 1988) with primers H-
1342 and X-1213, purified by low-melting agarose gel and 
radiolabelled with ~P-dCTP. Approxiamately 48,000 plaques 
were screened by Plaque/Screen (DuPont) hybridization. 
Several hybridizing plaques were rescreened and two single 
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plaques continued to hybridize after the second round of 
screening. Aliqouts from each of these plugs were used as 
template with primers H-1342 and X-1213 in PCR. Only one of 
the amplification reactions showed the expected fragment size 
of 165bp (Figure 10) . When screened a third time this 
cloneNR15 showed strong hybridization (Figure 11) . The probe 
for the third screen was the 1.lkb NR15 insert itself which 
was amplified with PCR using Agtll forward and reverse primers 
and purified on a DEAE cellulose membrane. 
Phage DNA from clone NR15 was prepared and digested with 
EcoRI. Figure 12 shows the insert seperated out on a 0.8% 
agarose gel. Lanes 6 and 8 show the size of the insert to be 
~1.lkb. All nucleic acids from this gel were transfered to a 
Nytran membrane and probed with the radioactively labeled 
clone F3-2 (Figure 13). By Southern Blot analysis the 1.lkb 
insert was shown to hybridize to the F3-2 probe. 
The insert from clone NR15 was subcloned into the plasmid 
pUC13 before DNA sequencing. Phage NR15 was pooled from 9 
150mm plate lysates and purified using the protocol by Murray 
et al. (1993). One hundred fifty ug of phage NR15 DNA was 
digested with EcoRI and separated on 1.2% agarose gel. The 
insert was bound to a DEAE cellulose membrane and recovered 
with a high salt elution buffer. Ligations and cell 
transformations were done as described previously. White 
colonies were selected on ampicillin LB plates with X-Gal and 
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plasmid DNA was isolated as previoulsy described. Recombinant 
plasmid selection was confirmed by restriction enzyme digest 
analysis (Figure 14) and Southern Blot analysis (Figure 15). 
The insert was sequenced as previously described using 
the Sequenase Version 2. o and Ampli-Taq Sequencing kits. 
Figure 16 shows the sequence of a partial nitrate reductase 
cDNA isof orm sequence from soybean. The insert is 1080 
nucleotides in length that encodes a deduced amino acid 
sequence containing 360 residues. Multiple sequence alignment 
demonstrates that NR15 shares a high amino acid homology with 
other higher plant nitrate reductases. The clone encodes for 
the distal end of the molybdenum domain, all of the heme-
binding domain and the proximal end of the flavin domain. 
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Piqure 4. Agarose gel electrophoresis of RNA PCR products. 
Lane 1 is lambda DNA digested with HindIII. Lane 2 is plasmid 
pBR322 digested with Alu!. Lane 3 is plasmid pAtc-46. Lanes 
4, 6 and 8 are 10µ1 aliquots of PCR product using total RNA 
amplified with Taq DNA Polymerase. Lane 4 is soybean mutant 
LNR-6 defective in the NADH constitutive NR isoform. Lanes 
6 and 8 are wild-type soybean. 
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Fiqure s. Southern blot analysis of RNA PCR products. 
Lane 3 is mutant LNR-6. Lanes 5 and 7 are wild-type induced 
with lOOmM N03 • The blot was hybridized to pAtc-46 which 
contains the 3 .1 kb Arabidopsis thaliaria nitrate reductase cDNA 
which was radioactively labeled by random priming. The 






Figure 6. Aqaroae qel electrophoresis of RNA PCR products 
usinq VEN'l'R polymerase. Lane 1 is 308bp positive control from 
the plasmid pAW109. Lanes 2, 3, 4, 5 and 6 are amplified 
products using primers H-1342 and X-1213. Lanes 2, 3 and 4 
were amplified using VENTR DNA Polymerase and lanes 5 and 6 
were amplified using Taq DNA Polymerase. Lane 7 is plasmid 
pBR322 digested with AluI. 
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Piqure 7. Agarose gel electrophoresis of recombinant plasmid 
DNA digested with BindIII and XbaI. Lane 1 is plasmid pGEM-3Z 
digested with MspI. Lanes 3, 4, 5 and 6 are recombinant 
plasmid DNA digested with HindIII and XbaI. Lane 8 is 
amplified cDNA using primers H-1342 and X-1213 (size control). 
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Fiqure a. southern blot analysis of recombinant plasmid DNA 
diqested with BindIII and XbaI. Lanes 2, 3, 4 and 5 are 
recombinant plasmid DNA digested with HindIII and XbaI. Lane 
7 is amplified cDNA using primers H-1342 and X-1213. The blot 
was hybridized to the 165bp cDNA amplified with H-1342 and x-
1213 and radioactively labeled by random priming. The 
membrane was exposed to X-ray film for 24 hours. 
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Piqure 9. BUcleic acid and amino acid sequence of clone Fl-2. 
A) Nucleic acid and deduced amino acid sequence of the pF3-2 
insert. B) Nucleic acid and amino acid homology of F3-2 
compared with other higher plant NR cDNA isoforms. 
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A) 
10 20 30 40 50 60 
TGGTGTTGGTGTTTTTGGTCTTTGGAGGTGGAGGTGCTTGACCTACTTGGGGCCAAGGAG 
W C W C F W S L E V E V L D L L G A K E 
70 80 90 100 110 
ATTGCGGTTCGAGCTTGGGATGAAGGTCTCAACACTCAGCCTGAACACCTCATTTGGAAT 
I A V R A W D E G L N T Q P E H L I W N 
130 140 
GTTATGGGCATGATGAACAACTGCTGGTT 3' 
V M G M M N N C W 
B) 
























l'iqure 10. Verification of putative clones using PCR. A 20µ1 
aliquot from four single plaques was used as template along 
with primers H-1342 and X-1213 in PCR. Lane 1 is plasmid 
pGEM-3Z digested with restriction enzyme MspI. Lane 2 is cDNA 
amplified with same primers using total soybean RNA as 
template. Lanes 3-6 are amplification reactions from four 
second round positively hybridizing plaques. 
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Fiqure 11. Plaque hybridization of nitrate reductase clone. 
A 10~ dilution of a positively hybridizing second round single 
plaque NR15 was prepared and hybridized to the 1.lkb insert 
from NR15 which was radioactively labeled by random priming. 
The membrane was exposed to X-ray film for 20 hours. 100% of 
the plaques hybridized to the NR15 insert probe. The plaque 





Fiqure 12. Aqarose qel electrophoresis of Aqt11 digested with 
EcoRI. Lane 1 and 9 are lambda digested with EcoRV. Lane 2 
is plasmid pAtc-46 digested with EcoRI. Lane 3 lambda phage 
NR15. Lane 4 is amplified pF3-2 insert DNA using primers H-
1342 and X-1213. Lane 5 is lambda DNA digested with HindIII. 
Lane 6 and 8 are lambda phage NR15 digested with EcoRI. Lane 
7 is amplified lambda NR15 insert DNA. Lanes 4 and 7 were 
loaded in middle of run. 
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Figure 13. southern blot analysis of nitrate reductase clone 
NR15 digested with EcoRI. Lane 1 is plasmid pAtc-46 digested 
with EcoRI. Lane 2 is NR15 clone. Lane 3 is amplified pF3-2 
insert DNA using primers H-1342 and X-1213. Lane 5 and 7 is 
NR15 clone digested with EcoRI. Lane 6 is amplified NR15 
insert DNA. Lanes 3 and 6 were loaded in middle of run 
(Positive controls). Blot was hybridized to amplified pF3-2 
insert which was radioactively labeled by random priming. The 
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Figure 14. Aqarose qel electrophoresis of recombinant plasmid 
DNA 4iqeste4 with EcoRI. Lanes 1 and 16 are lambda DNA 
digested with HindIII. Lanes 3, 5, 7, 9 and 11 are 
recombinant plasmid DNA digested with EcoRI. Lane 8 is tX174 
DNA digested with HaeIII. Lane 13 is plasmid pUC 13 digested 
with EcoRI. Lane 14 is uncut plasmid pUC 13. Lane 15 is 
amplified DNA from plug 15 (NR15). 
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Piqure 15. Southern blot analysis of recombinant plasmid DNA 
diqested with BcoRI. Lanes 1 and 16 are lambda DNA digested 
with HindIII. Lanes 3, 5, 7, 9 and 11 are recombinant plasmid 
DNA digested with EcoRI. Lane 8 is tX174 digested with 
HaeIII. Lane 13 is plasmid pUC 13 digested with EcoRI. Lane 
14 is plasmid pUC 13. Lane 15 is amplified DNA from plug 15 
(NR15). The blot was hybridized to amplified insert from 
single plaque plug NR15 which was radioactively labeled by 
random priming. The membrane was exposed to X-ray film for 30 
minutes. 
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Piqure 16. Sequencing strategy adopted for pJPSNR4. The 
nucleotide sequence was determined in both directions using 
the dideoxynucleotide chain-termination procedure {Sanger et 
al., 1977). Oligonucleotide primers complementary to 
internal sequences were used to facilitate sequencing of the 
cDNA clone. The numbers below arrows indicate the base pairs 




















Fiqure 17. Nucleotide sequence and deduced amino acid 
sequence of a partial soybean nitrate reductase cDNA isoform. 
The nucleotides are numbered 1 to 1080, 5' to 3' on the coding 





GAG CTT AAC ATA AAC TCC GTG ATA ACC ACG CCT TGC CAC GAG 42 
E L N I N s v I T T p c H E 14 
GAG ATC TTG CCC ATC AAC TCA TGG ACT ACT CAG ATG CCT TAT 84 
E I L p I N s w T T Q M p y 28 
TTC ATC AGA GGC TAT GCG TAT TCC GGT GGT GGG AGA AAG GTG 126 
F I R G y A y s G G G R K v 42 
ACA CGT GTT GAG GTA ACC CTG GAC GGA GGT GAA ACG TGG CAA 168 
T R v E v T L D G G E T w Q 56 
GTG TGC ACA CTG GAC TGT CCG GAG AAA CCC AAC AAA TAT GGA 210 
v c T L D c p E K p F K y G 70 
AAG TAC TGG TGT TGG TGT TTT TGG TCT GTG GAG GTT GAG GTT 252 
K y w c w c F w s v E v E v 84 
TTG GAC CTG CTC GGA GCC AGG GAG ATT GCG GTG CGT GCT TGG 294 
L D L L G A R E I A v R A w 98 
GAC GAG GCC CTC AAC ACC CAA CCT GAA AAG CTC ATT TGG AAT 336 
D E A L N T Q p E K L I w N 112 
GTT ATG GGC ATG ATG AAC AAC TGC TGG TTC AGA GTG AAA ACC 378 
v M G M M N N c w F R v K T 126 
AAT GTG TGC AGG CCC CAC AAG GGT GAG ATA GGT ATA GTG TTT 420 
N v c R p H K G E I G I v F 140 
GAA CAC CCC ACC CAA CCA GGC AAC CAA TCC GGC GGA TGG ATG 462 
E H p T Q p G N Q s G G w M 154 
GCA AAA GAA AAA CAC CTA GAG AAA TCA TCT GAG TCC AAC CCA 504 
A K E K H L E K s s E s N p 168 
ACC CTC AAG AAG AGT GTC TCC TCC CCA TTC ATG AAC ACC ACC 546 
T L K K s v s s p F M N T T 182 
TCA AAA ACC TAT ACC ATG TCT GAA GTC AGA AGG CAC AAC AAC 588 
s K T y T M s E v R R H N N 196 
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GCC GAT TCG GCT TGG ATC ATA GTC CAC GGT CAT GTC TAT GAT 630 
A D s A w I I v H G H v y D 210 
TGC ACC CGC TTC CTC AAA GAC CAT CCC GGT GGC ACA GAC AGC 672 
c T R F L K D H p G G T D s 224 
ATC CTC ATC AAC GCC GGC ACC GAC TGC ACC GAG GAG TTC GAA 714 
I L I N A G T D c T E E F E 238 
GCC ATC CAC TCC GAC AAA GCC AAG CAA ATG CTT GAA GAC TAC 756 
A I H s D K A K Q M L E D y 252 
CGA ATC GGC GAG CTC ACC ACC ACC TGC TAC AAC TCT GAT TCT 798 
R I G E L T T T c y N s D s 266 
TCA TCG TCA AAC CCC TCC GTG CAT GGC AGC TCC GAC ACC ATC 840 
s s s N p s v H G s s D T I 280 
CCT TTG ACC CCC ATC AAG GAA GTG ATT ACA CCA ATG CGA ACG 882 
p L T p I K E v I T p M R T 294 
GTG GCT CTT AAC CCA CGC GAG AAA ATC CCA TGC AAG CTC ATC 924 
v A L N p R E K I p c K L I 308 
TCC AAA ACC TCC ATC TCT CAC GAC GTT AGG CTT TTC CGC TTT 966 
s K T s I s H D v R L F R F 322 
GCC CTC CCC TCC GAC GAC CTA CTC ATG GGT TTG CCA GTT GGG 1008 
A L p s D D L L M G L p v G 336 
AAG CAC ATA TTC CTA TGT GCC ACC GTT GAC GAG AAA CTA TGC 1050 
K H I F L c A T v D E K L c 350 
ATG CGA GCC TAC ACT CCA ACA AGC AGC GCC 1080 
M R A y T p T s s A 360 
CHAPTER IV 
DISCUSSION 
In this study, a partial cDNA clone from soybean Glycine 
max was isolated and sequenced. The deduced amino acid 
sequence of this clone spans the three domains of NR and shows 
a high homology with the NR sequences from a number of higher 
plant species (Friemann et al. 1991, Crawford et al. 1988, 
Hoff et al. 1991, Prosser and Lazarus 1990). This clone 
encodes the complete heme-binding domain and significant 
portions of both the molybdenum and flavin domains. 
Previous NR cDNA clones had been isolated by screening 
cDNA libraries with heterologous probes (Friemann et al. 1991, 
Crawford et al. 1988) or with NR antibodies {Cheng et al. 
1986). We decided to employ polymerase chain reaction {PCR) 
technology (Saiki et al. 1988) to acquire a homologous probe 
with which to screen a cDNA library from soybean. The use of 
PCR with degenerate primers has been used for the cloning of 
low abundance mRNA (McPherson et al. 1991). 
After visually aligning well conserved sites from eight 
plant NR sequences, low degenerate primers were synthesized 
for use in the PCR. Using total RNA as template and the VentR 
DNA polymerase (New England BioLabs) for primer extension, a 
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single species product was amplified. Initial attempts in 
amplification with the Taq DNA polymerase (Perkin-Elmer Cetus) 
resulted in multiple amplified bands. In an attempt to 
eliminate this non-specific amplification that was present 
with the Taq DNA polymerase, the VentR DNA polymerase was 
substituted. The VentR DNA polymerase from Thermococcus litoralis 
has several advantages over Taq DNA polymerase. This 
polymerase has a 3 1 -+ 5' exonuclease activity that enhances the 
fidelity of replication by the enzyme. The mutational 
frequencies observed in the base substitution were 5-10 times 
lower compared to other thermostable DNA polymerases lacking 
the proofreading ability (Mattilia et al. 1991). The enzyme 
is also extremely thermostable, having a half-life of 8 hours 
at 95°C and about 2 hours at 100° C (Kong et al. 1993). 
The amplified nucleic acid was characterized by Southern 
blotting and hybridization to a 3.1 kb full-length NR cDNA 
from Arabidopsis thaliana (Crawford et al. 1988) . Autoradiography 
identified this PCR product as an authentic NR clone. The 
amplified product was cloned into the plasmid pGEM-3Z, 
sequenced and compared for homology with other plant NR 
sequences. An open reading frame in the clone pF3-2 was 
identified and found to closely resemble the distal end of the 
molybdenum domain of higher plant NR sequences. The amino 
acid similarity ranged from 94% in spinach and birch to 86% in 
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the bean, Phaseolus vulgaris (Figure 9). The insert from pFJ-2 
is 49aa in length and contains the invariant cysteine residue 
at position 2 that is thought to be responsible for the 
interchain linkage between the subunits of NR. This sequence 
was also compared to the clone SP-2 which was amplified from 
soybean DNA using the same primers (Chaveriet, unpublished 
results). The same open reading frame was identified in SP-2 
and shared 80% nucleic acid and 90% amino acid homology with 
FJ-2 (Figure 18). This is evidence for the possibilty of a 
second NR gene in soybean. 
The insert from pFJ-2 was amplified out of the vector 
plasmid, and used to screen a soybean cDNA library (CLONTECH). 
Three putative clones (#7, 8, 9) were identified among the 
48,000 plaque forming units which had initially been screened 
to identify possible clones for the NR cDNA. Clone 7 was the 
only sample among the 3 putative clones that continued to show 
strong hybridization to the FJ-2 probe. This clone NR15, was 
characterized by restriction enzyme analysis and found to 
contain a 1.lkb insert. The insert was analyzed by Southern 
blotting and found to hybridize to the FJ-2 probe. 
The insert was subcloned into the pUC13 plasmid for DNA 
sequencing by the dideoxy chain-termination method (Sanger et 
al. 1977). The insert was sequenced in both directions using 
[a-36S]dATP for auto-radiographic detection (Figure 16). 
Figure 17 shows the complete nucleotide and deduced amino acid 
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sequence of the partial NR cDNA JPSNR4. Figure 19 shows the 
amino acid sequence alignment between NRs from different 
higher plant species and related redox proteins. The amino 
acid homology over the entire length of JPSNR4 ranges from 86% 
compared to bean to 72% with rice. For many of the locations 
where JPSNR4 diverges from the rest of the NR sequences, the 
amino acid substitution is conservative. Conservative 
substitution is the replacement of an amino acid with one of 
similar charge. JPSNR4 shares a 41% homology to chicken liver 
sulfite oxidase in the molybdenum domain, 46% homology to 
mammalian cytochrome b5 in the heme-binding domain and 53% 
homology to cytochrome b5 reductase in the FAD domain. A 
large number of these differences are conservative 
substitutions. 
The essential functional and structural residues that 
have been denoted in higher plant NR sequences are also 
present in the sequence of JPSNR4. The cysteine residue at 
position 74 corresponds to cys-433 in Arabidopsis thaliaria which 
is likely responsible for the interchain disulfide linkage of 
the two NR subunits. The heme domain of JPSNR4 contains two 
histidine residues at positions 218 and 241. These invariant 
residues correspond to His-577 and His-600 in Arabidopsis and 
are involved in heme binding. In the flavin domain of JPSNR4 
is Arg-352, that corresponds to the invariant amino acid Arg-
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712 of Arabidopsis which is located at the putative NADH-binding 
site of the NR enzyme. 
Table 1 compares the amino acid homology percentages of 
NR domains between soybean and 8 other species. JPSNR4 is an 
internal NR clone in which both the 5' and 3' ends of the cDNA 
are missing. The library was primed for first strand 
synthesis with both oligo-dT and random hexamers. The random 
hexamers may have primed the JPSNR4 clone at internal 
positions which would have truncated the cDNA. Another 
possibility is the presense of an internal EcoRI site (s) which 
would have internally digested a full-length cDNA prior to 
ligation into the phage arms. Approximately 37% of the 
molybdenum domain, the entire heme domain, and 26% of the 
flavin domain was encoded by the JPSNR4 soybean clone. As 
expected the bean Phaseolus vulgaris shows the greatest degree of 
similarity to soybean Glycine max since both of these plant 
species are members of the same taxonomic family. The hinge 
#1 region between the MoCo and heme domains of these two 
species shows a homology of 93.4% which far exceeds that of 
the other NR sequences. Rice, a monocot belonging to the 
grass family, is the most distantly related species to soybean 
in Table 1 and has a 31.2% homology in the first hinge region. 
Aside from bean and squash there appears to be no significant 
downward or upward trend in the homology between the first and 
second hinges within each plant species. 
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If there was, it 
might allow some speculation of when the individual ancestral 
domains fused together. The rest of the homologies in Oryza 
sativa also reflect a broader phylogenetic separation. The 
dissimilarity between the hinge regions may be more reflective 
of the divergence among the NR sequences. The main role of 
the hinges appears to be a structural one that allows the 
domains to be linked together. However, the domains contain 
the catalytic active sites and are more dependent on an 
intricate three-dimensional structure. The hinge regions 
might be more tolerant of amino acid substitutions than that 
of the functional domains. 
It is important to note that the two cDNA clones isolated 
in this study, FJ-2 and JPSNR4, differ in 4 amino acids. 
Furthermore, these two clones differ from the genomic NR clone 
SP-2. These results support the fact that three NR isoforms 
are present in soybean. The FJ-2 clone was amplified using 
total RNA from nitrate-induced soybean leaves whereas, JPSNR4 
was isolated from a cDNA library constructed from uninduced 
soybean mRNA. It is reasonable to imply that the clone 
JPSNR15 is one of the constitutive isoforms. Whether clone 
FJ-2 or SP-2 is the other constitutive isoform is difficult to 
determine. The amino acid sequence of SP-2 displays a little 
higher homology compared with FJ-2 across the same range of 
plant species including a 100% homology with the NR cDNA from 
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nitrate-induced Arabidopsis leaves {Data not shown). The PCR 
primers, X-1213 and H-1342, came from areas within the NR 
sequence alignment that are not well conserved in chicken 
liver sulfite oxidase {Figure 18). Although Neame and Barber 
(1989) stated that CL sulfite oxidase was the only enzyme 
within the "molybdenum hydroxylase" family to share homology 
with nitrate reductase, it can not be ruled out that perhaps 
the F3-2 clone was amplified from a cDNA encoding an 
uncharacterized molybdenum-like domain. 
The three NR is of orms in soybean probably arose by 
divergence following gene duplication. One major difference 
between the isoforms is their reductant preference. It seems 
likely to assume that the choice between NADH and NADPH alone 
would not evoke a large change in amino acids over the length 
of the enzyme, but just a few critical residues at the 
pyridine nucleotide binding site in the flavin domain. 
Inspection of the c-terminal end of JPSNR4 reveals the highly 
conserved arginine residue that was reported to be located at 
this active site. The other two important residues in this 
region of the enzyme, lysine and the thiol containing 
cysteine, are downstream of the arginine and are not part of 
this internal clone. Examination of the birch sequence in 
figure 18, which is that of a NAD{P)H bi-specific NR, reveals 
no meaningful areas of similarity to JPSNR4 that are not 
shared among the other species. Similarly in barley, a 
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NAD(P}H-bispecific NR shares no more homology with JPSNR4 than 
with any of the other NRs in table 1 (Data not shown} 
(Miyazaki et al. 1991) . Based on these models and the limited 
sequence content of JPSNR4 in the FAD domain, it can not be 
determined if this isoform binds NADH, NADPH or both. 
There are no doubt important differences to be found in 
the areas upstream of the inducible and constitutive isoform 
genes in soybean because of their different regulations. The 
use of NR cDNA clones has been of great help in the study of 
this regulation. The soybean mutant nrl lacks both 
cons ti tu ti ve isof orms and the mutant lnr6 lacks the NADH 
constitiutive isoform (Streit et al. 1985}. Analysis of these 
mutants in a RNA slot blot (data not shown} indicates that 
JPSNR4 cross-hybridizes with all three isoforms in soybean 
using 25% stringent washing conditions. This level of 
stringency is not adequate enough to discriminate between the 
high homologies that the soybean NR isoforms will presumably 
share. Washing the blot under higher stringent conditions may 
allow one to rule out the presence of one or more of these 
isoforms. Continued sreeening of the cDNA library under more 
stringent hybridization and washing conditions will assist in 
the isolation of overlapping clones to JPSNR4. The use of 
immunochemical techniques that include Western blotting may be 
employed to study the regulation of nitrate assimilation in 
soybean. Antibodies made against an expressed JPSNR4 epitope 
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will allow investigators to screen for antigen(s) specific for 
one of the three isoforms in soybean. 
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Piqure 19. Amino acid sequence alignment between partial NRs 
from different higher plant species and related redox 
proteins. Soybean NR, is compared to bean NR (Hoff et al. 
1991), squash (Hyde et al. 1991)), tobacco nia-2 NR 
(Vaucheret et al. 1989) , spinach NR (Prosser and Lazarus 
1990), Arabidopsis NR2 (Crawford et al. 1988), tomato NR 
(Daniel-Vedele et al. 1989), birch NAD(P)H NR (Friemann et al. 
1991), and rice NR (Choi et al. 1989). These NR are also 
compared to other redox proteins, chicken liver sulfite 
oxidase (Neame and Barber 1989), bovine liver cytochrome b5 
catalytic domain (Ozols and Strittmatter 1969), and human 
cytochrome b5 reductase catalytic domain (Yubisui et al. 
1984). Positions where amino acids match that of soybean are 
indicated by dashes. Gap positions were introduced to optimize 
alignment. Essential residues as described in the text are 
boldfaced. PCR primers, X-1213 and H-1342, are shown underlined. 
Above the alignment are shown the domain boundaries as 


















































































































































SS SNPSVHGSSO T IPLTPIKE VITPMRTVAL NPREKIPC 
--N----N-E - TH-A--R- --------
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Table 1. Amino acid sequence homologya of NR domainsb 
NR domain Bean Squash Tobacco Spinach Arab. Tomato Birch Rice 
Whole sequence 85.6 81.6 82.6 77.6 78.5 82.4 79.9 71. 7 
a:MoCo 86.9 85.6 90.0 83.8 84.4 89.4 85.6 78.1 
b:Hinge fl 93.4 75.0 56.3 46.7 62.5 56.3 68.8 31.2 
c:Heme 87.0 85.9 84.7 81.2 85.9 82.3 83.5 78.8 
d:Hinge #2 66.6 53.6 59.2 55.2 58.6 64.3 55.6 44.0 
e:FAD 86.4 80.0 77.1 75.4 69.0 80.3 73.9 71.0 
• Homology is calculated as a percentage of perfect matches to the partial soybean 
sequence used as a reference. · 
b The domain boundaries are defined by lowercase letters (a to e) above the aa sequences 
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